Hot tearing is often a major casting defect in magnesium alloys and has a significant impact on the quality of their casting products. Hot tearing of magnesium alloys is a complex solidification phenomenon which is still not fully understood, it is of great importance to investigate the hot tearing behaviour of magnesium alloys. This review attempts to summarize the investigations on hot tearing of magnesium alloys over the past decades. The hot tearing criteria including recently developed Kou's criterion are summarized and compared. The numeric simulation and assessing methods of hot tearing, factors influencing hot tearing, and hot tearing susceptibility (HTS) of magnesium alloys are discussed.
Introduction
In comparison with Al alloys and steels, Mg alloys have attracted increasing interest in industrial applications, due to their high specific strength and excellent functional performances [1, 2] . At present, the majority of Mg alloys are prepared by conventional casting processes [3, 4] , defect free castings are highly desirable for the subsequent processing and service. Hot tearing is known as one of the most fatal solidification defects commonly encountered during casting practice [5] . Hence, the resistance to hot tearing of Mg alloys must be an important casting characteristic to be investigated.
Hot tear is different from cold crack since it occurs above the solidus temperature [6] . Hot tearing occurs due to the lack of feeding when stresses exceed the strength of the partially solidified metal [7, 8] . In other words, hot tearing is associated with feeding, generated or induced stresses, and developed strength in the mushy zone. Industrial and fundamental studies of this phenomenon show that hot tears initiate when the liquid flow through the mushy zone becomes insufficient to fill initiated cavities [9] . The solid fraction at this stage is close to one [10] .
The stresses generally arise from restriction of solidification shrinkage and thermal contraction. Besides, the stresses are concentrated at the hot spots where the casting solidifies last or at areas with sudden changes of cross section [11] . Thus, hot tearing is prone to occur at the hot spot. The mechanical properties (strength and ductility) of the semi-solid alloy can be experimentally determined and are found to be temperature dependent [9] .
This review summarizes the hot tearing criteria, simulation models, and experimental set-ups developed to characterize the hot tearing susceptibility (HTS) in the past decades. Eskin et al. [9] reviewed the hot tearing criteria, experimental set-ups of Al alloys. The present review mainly focuses on the hot tearing criteria, experimental set-ups used in Mg alloys. Recently developed hot tearing criteria and new technique used in hot tearing assessment are also included in this review. Besides, the factors influencing hot tearing and the HTS of various Mg alloys are also summarized.
Hot tearing criterion
Many theories and criteria are proposed to predict the occurrence of hot tearing. These hot tearing criteria, as reviewed by Eskin [9, 12] , can be briefly divided into two categories: mechanical and non-mechanical. The mechanical criteria are derived mainly from the mechanical behaviour of semi-solid 
Where γ is the surface energy of liquid, h is the thickness of liquid film, m is a microstructural dependent parameter, ε is the accumulated strain. The larger ρ iis, the less the ingot is prone to hot tearing.
The trend of calculated fracture stress as a function of solid fraction (fs) corresponds well with the experimental data. However, the calculated fracture strain disagrees with the collected experimental data presented by Eskin et al. [9] . The calculated fracture strain decreases linearly with the fs while the experimental determined fracture strain shows a U-shaped dependence of fs. Thus, Lahaie's criterion has its limitation, as it neglects the effect of feeding on the liquid flow and healing of the tears. It is assumed that similar disagreement between the calculated strain with Lahaie and Bouchard's criterion and experimental strain will be found for Mg alloys.
Critical strain based criterion
It is suggested that the strain/strain rate is more critical for hot tearing than stress [14] . The studies on residual strain/stress show that the tensile stress is not required to generate hot tears, only tensile strain is sufficient to form a hot tear. The strain based criteria compare the proposed critical strain and the experimental measured ductility of the alloy. If calculated critical strain is higher than the experimentally determined fracture strain, hot tearing will occur.
Magnin et al. [15] proposed the greatest positive principle plastic strain ε p max ii as the critical strain (hot tearing index). Their calculations show that the maximum ε p max ii appears at the centre of the billet (DC casting of Aluminium alloys) and depends on the casting speed. Such prediction is in good agreement with the casting practice: the centre of the billet is more prone to hot tearing and a high casting speed leads to high HTS.
The constraint of Magnin's approach is the validation of the model requires ductility profile of an alloy in the semi-solid range. Such ductility profile is rarely available for most alloys, especially for Mg alloys. Thus, the precise prediction of HTS for Mg alloys with Magnin's criterion relies on the ductility database of Mg alloys.
Critical strain rate based criteria
Rappaz, Drezet, and Gremaud [16] (RDG criterion) proposed a hot tearing criterion based on the maximum strain rate ( ε max ) that the mushy zone can sustain before the hot tear occurs. The hot cracking sensitivity (HCS) is defined as ε max −1 . The ε max is written as: Δ Δ (2) where G is the temperature gradient; λ2 is the secondary dendrite arm spacing; β is the shrinkage factor; µ is the viscosity; ΔT 0 is the solidification interval; Δp max is the maximum pressure drop the mushy zone can bear; v T is the velocity. The two integrals A and B depend only on the nature of the alloy and its solidification path, i.e. on the relationship between fs and T. They are also extremely sensitive to the choice of integral limits. Among all the required parameters, Δp maxis a key value. The Δp max (also called cavitation depression) is set as 2 kPa for Al-Cu alloys and the calculated HCS agrees with the casting practice. It is unknown that whether 2 kPa is a suitable value for Mg alloys. The cavitation depression is around 90 kPa for stainless steel [17] . The RDG criterion showed an acceptable ability to predict crack occurrence in arc welding of stainless steel. Similarly, the RDG criterion is also applicable to precisely predict the tearing occurrence in Mg alloys in the future. However, the cavitation depression for Mg alloys still needs to be determined.
The RDG criterion takes both solidification shrinkage and deformation induced fluid flow into account. According to Suyitno's evaluation [18] , RDG criterion shows the greatest potential in the qualitatively prediction of HTS. However, the RDG criterion does not involve the propagation of hot tearing and it is derived from columnar dendritic grain structure.
Braccini et al. [19] attempt to extend the RDG model with incorporation of the propagation of hot tearing. Grandfield et al. [20] also proposed a model based on the RDG model which takes the equiaxed grain structure into consideration. Both Braccini and Grandfield's criteria are still not able to predict the hot tearing quantitatively. Further improvement for the hot tear prediction should involve an approach that lead to better predictions of whether hot cracks will be formed during actual casting. Besides, these two criteria are also not applicable to Mg alloys at present. Because Braccini's criterion also requires cavitation depression and Grandfield's criterion requires surface tension, which is not available for most Mg alloys.
Non-mechanical based criteria

Clyne and Davies's criterion
In 1975, Clyne and Davies [21] [22] [23] proposed a hot tearing theory, which considers the critical time spent during solidification when the structure is most vulnerable to cracking. They suggest that the interdendritic separation stage is most susceptible to hot tearing with a solid fraction between 0.9 and 0.99 and the stress can be released at a solid fraction between 0.4 and 0.9. The proposed crack susceptibility coefficient (CSC) is defined as: 
where tV is the vulnerable time period where hot tearing may develop and tR is the time available for the stress-relief process where mass and interdendritic feeding occur. t0.99, t0.9, and t0.4 correspond the time when the local solid fraction (fs) is 0.99, 0.9, and 0.4, respectively. Clyne and Davies's criterion has been applied to several magnesium alloy systems to predict their HTS [24] [25] [26] . The predicted results and the experimentally determined HTS (crack volume) of binary Mg-Zn alloys are compared and shown in Fig. 1 [27] . Both the prediction and the experimental results follow the so called "Λ" shape. The HTS increases with increasing in the content of alloy elements and then decreases with further increasing in the content of alloy elements. Similar results are also found in Mg-Al [28] , Mg-Y [25] and Mg-Ca [26] alloys proving that the Clyne and Davies's criterion can successfully predict the compositional dependence of hot tearing.
However, Clyne and Davies's criterion still has several limitations. Firstly, the criterion uses a fixed equation to estimate the cooling rate and thus does not incorporate the influence of initial mould temperature. In the casting practice, the HTS of Mg-Zn alloys decreases considerably with increasing the mould temperature ( Fig. 1 ). Secondly, their calculation does not consider the influences of microstructure and material properties on HTS. In fact, both microstructure and mechanical properties in the semi-solid state plays an important role on their hot tearing behaviour. With these limitations, the predicted CSC is not sensitive to the casting speed and the tearing location, which disagrees with the casting practice.
Suyitno's criterion
Suyitno et al. [29] proposed a hot tearing criterion combining critical liquid feeding theory, deformation rate, and cavity formation. In principal, the contribution of feeding, shrinkage and deformation to the cavity are calculated and compared. If the net results of contributions are positive, the cavity will form which may finally lead to the formation of a hot tear. Whether the cavity propagates to a tear depends on critical diameter of the cavity and thus on the stress developed in the mush.
Among the existing hot tearing criteria, only the Suyitno's criterion adequately responds to all tested parameters, such as casting speed, ramping rate, grain size, and location of tear in a billet [12] . The model is unique as it can distinguish whether a hot tear or a micro-porosity appears under a certain strain rate. Most criteria are proposed to evaluate the HTS of an alloy. However, the precise prediction requires several parameters, such as Young's modulus of the mush, surface tension between liquid and solid, and permeability of the mush, which are rarely available, especially in Mg alloys. These parameters need to be determined experimentally. However, the existing experimental techniques are not reliable [5] . Consequently, the widespread utilization of Suyitno's criterion in Mg alloys is limited.
Kou's criterion
Recently, Kou [30] proposed a criterion for cracking during solidification. It assumes that the tear initiates when the net expansion of the intergranular space exceeds liquid feeding. The net expansion consists of the space moved under tension and the space expansion induced by grain growth. With the assumption that the hot tearing occurs near the end of solidification ( f s → 1), the condition of hot tearing is expressed as:
where εlocal is the local strain, T is the temperature, β is the solidification shrinkage, fs is the solid fraction, dT/dt is the cooling rate, z is the growth direction of the columnar dendritic grain, vz is the velocity of intergranular liquid flow in the negative z-direction. The index of hot tearing is proposed as |dT/d(fs 1/2 )| near (fs) 1/2 = 1.
As validated in several binary Al alloy systems [31, 32] , Kou's criterion is successfully applied to predict the compositional dependence of hot tearing. Kou's criterion is fully applicable to predict the compositional dependence of HTS for Mg alloys, as the required parameters are easy to obtain. However, the accuracy of prediction with Kou's criterion highly depends on the selection of the solid fraction range. There is no theoretical basis on how to choose the solid fraction range for each alloy. The empirical selected range varies from one alloy to another, which restricts its application. Besides, Kou's criterion shows no sensitivity to casting speed and cannot predict whether a hot tear will form.
Comparison of hot tearing criteria
According to Suyitno et al.'s [18] and Eskin's [9, 12] evaluation, only the Suyitno's criterion adequately responds to casting practice. Suyitno's criterion gives a precise prediction of whether a hot tear will form under a certain solid fraction and strain rate. However, it requires parameters that are rarelyavailable and difficult to determine with the existing Fig. 1 . Comparison of the calculated CSC value (hot tearing susceptibility tendency) and the experimental determined crack sizes of binary Mg-Zn alloys [27] . experimental techniques. Clyne and Davies's and Kou's criteria have easy access to the parameters needed for the calculation. All parameters are easily calculated from commonly used thermodynamic software, i.e. Pandat and well-developed database PanAl and PanMg. Hence, these two criteria can be used to predict the HTS of Mg alloys and can successfully provide the "Λ" curve. The limitations of these two criteria are that they show no sensitivity to casting speed and cannot predict whether a hot tear will form. Thus, the selection of a proper criterion depends on the availability of required parameter and the expectations of the predictions. For instance, if the compositional dependence of hot tearing is of most interest and all the parameters required are available, Clyne and Davies's criterion is a good choice. However, a new hot tearing criterion is still in need.
Numeric simulation of hot tearing
The application of numerical simulation techniques in metal casting has provided insights into understanding the effects of alloy chemistry, thermal-fluid transport phenomena, and their relationship to the alloy microstructure and the formation of defects [33] . It reduces the time required for new product design cycle and can be used as a tool for quality assurance. The complexity of mushy zone makes the hot tear modelling even more demanding [34] .
Several hot tearing criteria have been implemented in a finite element simulation of metal casting with the commercial software, such as ProCAST [35] [36] [37] , MAGMAsoft [38] , and ABAQUS [39] , etc. Both ProCAST and MAGMAsoft have been applied to predict the HTS of Mg alloys. It is reported that the hot tearing model implemented in ABAQUS has been applied and validated in steel. A recently developed three dimensional (3-D) granular model to simulate the formation of hot tearing is also reviewed in this section.
ProCAST
The commercial numerical simulation software ProCAST simulates the process of casting and solidification based on finite elemental method. ProCAST has been extensively used in foundries to understand the physical phenomena occurred during solidification. In this software, two modules can be used to predict hot cracking [40] . One is called HCS, which is based on the RDG criterion. The detailed description of RDG criterion can be found in section 2.1.3. The other is hot tearing indicator (HTI), which is based on Gurson's constitutive model. According to the manual of ProCAST [40] , HCS is only suitable for steady state conditions, as encountered in continuous (or DC) casting. HTI should be used to compare different designs with the same alloy.
The HTI is a strain-driven model based upon the total strain which develops during solidification. The model computes the elastic and plastic strains at a given node when the fraction of solid is between the critical solid fraction (usually 50%) and 99%. The HTI ( e ht ) was obtained as follows:
where ε ht p is the critical accumulated effective plastic strain for the initiation of hot tearing, ε p is the effective plastic strain rate, t C is the time at the coherency temperature, and t S denotes the time at the solidus temperature.
Wang et al. [36, 37] simulated the HTI of Mg-Y and Mg-Zn-Y alloys with ProCAST. The simulation and experimental results of Mg-Zn-Y alloys were compared in Fig. 2 . Simulated location of hot tears and the severity of hot tearing are in agreement with the casting practice. Besides, the simulation results of both Mg-Y and Mg-Zn-Y alloys indicate that the HTI decreases with increasing mould temperature. Such simulation results are in line with the hot tearing tests. Good agreement between the simulation and experimental results is also obtained in Mg-Al alloys [35] .
However, the accuracy of the simulation highly depends on the existing database of Mg alloys. It is found in Mg-Ca alloys, although the location and the severity of hot tearing are in agreement with the experimental results, the simulated HTI at two mould temperatures (250°C and 450°C) have minor difference. In fact, the hot tearing tests show that the HTS decreases dramatically with increasing the mould temperature. Such disagreement is due to the lack of stress hardening data of Mg-Ca alloys at semi-solid state in the existing database, such as yield strength. Without the yield strength profile, the simulation has zero contribution from plastic strain which most likely results in the disagreement. Thus, in order to improve the accuracy of simulation, it is obliged to complete the mechanical property database of Mg alloys in the future.
The HTI module in ProCAST is capable of simulate the HTS of Mg alloys. The simulated HTI is composition dependent and sensitive to the initial mould temperature if the stress hardening data is available. As a result, the application of HTI module is restricted to the well-investigated alloy systems which have the complete database of mechanical property. Besides, the value of simulated HTI is not comparable in different alloy systems.
MAGMAsoft
A viscoplastic deformation model was used to predict hot tears in an AZ91D permanent mould casting with MAGMAsoft [38] . The viscoplastic model calculates material damage as well as solid deformation. The porous damage is defined the same as hot tearing indicator used in ProCAST.
The predicted damage from the simulations was found to be in good agreement with the hot tears observed in the experiments, both in terms of location and severity, as shown in Fig. 3 . The simulation also reveals that the porous damage is mould temperature dependent, which is in line with casting practice.
The viscoplastic model in MAGMAsoft is able to simulate the HTS of Mg alloys, but it has the same limitations with the HTI module in ProCAST.
A new three dimensional granular model
Recently, a 3-D granular hydromechanical coupled model has been developed to predict hot tear formation in solidifying alloys with globular microstructures [41, 42] . This model predicts the overall response of semi-solid alloys to an externally applied strain before and after initiation of fracture. It is an advanced model since it considers the localization of strains and feeding at grain boundaries. Such localization has been clearly demonstrated by in situ X-ray tomography tensile testing. The hot tearing criterion used in this model is an extension of RDG criterion. In principal, it is considered that the hot crack starts to initiate in a liquid channel connected to the atmosphere once the liquid pressure pl reaches a critical pressure p l c . The liquid pressure pl in the semi-solid medium is computed through a finite element code to solve the following equation:
Where h is the half-width of the liquid channel, µl is the dynamic viscosity of the liquid, β is shrinkage factor, v* is the solidification speed of the solid liquid interface, vsn is the normal velocity difference of the solid grains, and kl is the bulk modulus of the liquid.
And the critical pressure p l c is given by:
Where pa is the pressure of atmosphere, λ is the surface tension at the void-liquid interface, Θ is the dihedral angle, h is the same as defined previously.
The results of a granular model have been validated with in situ X-ray tomographic observations made during the tensile deformation of a mushy Al-Cu alloy specimen, as shown in Fig. 4 . Good agreement is obtained between modelling and experiments. The modelling reveals that the specimen continuously necks, allowing the liquid channels perpendicular to the tensile axis to open by feeding them with the liquid coming from neighbouring zones and from channels which are parallel to the tensile axis and tend to close. Once the liquid is no longer able to feed the deformed zone, cracks form in the structure. The granular model also demonstrates that the grain size has a large effect on the "overpressure" required to overcome the capillary forces at the liquid-void interface. It shows that the HTS increases with increasing grain size.
The 3-D granular model is an advanced hot tearing model and shows a great potential to accurately predict the formation of hot tearing. However, the model is applicable to wellinvestigated alloys, such as Al-Cu alloy. The application of the 3-D granular model to Mg alloys is still limited at present, as the parameters required for the simulation with this model are seldom available. Besides, the validation technique, in situ X-ray tomography technique, also needs to be developed for Mg alloys.
Experimental methods to evaluate hot tearing susceptibility
Many set-ups have been developed to investigate hot tearing behaviour of alloys in the past decades. Different apparatuses use different constraints to induce stress which promote the formation of hot tearing. The typical apparatuses including the recently developed in situ set-ups are summarized in this section. Some of the apparatuses have been applied to hot tearing studies of magnesium alloys. The evaluation methods of hot tearing susceptibility are summarized as well.
Ring mould testing
Ring mould has been used by many researchers to assess the HTS of Mg alloys [43] [44] [45] [46] [47] . Wang et al. [47] used a crack-ring mould to study the hot tearing behaviour of Mg-9Al-(0-1)Zn alloys. The set-up consists of a round mould with a diameter of 108 mm, two round steel, and two steel chills, as shown in Fig. 5 [47] . Round steels with a series of diameters (93 mm, 98 mm, 103 mm, etc.) are used to constrain the solidification shrinkage of alloys. The stresses derived from constrained shrinkage promote the formation of hot tears. The severity of hot tearing (hot tearing susceptibility coefficient, HSC) is expressed as: HSC D crit = − 108 108 (8) where D crit is the critical diameter of the round steel, which is defined as the diameter at which the sample begins to crack. Ring mould is a simple and classic set-up which can be used to briefly compare the HTS of alloys. The constraint of this set-up is that it gives limited information about the formation of hot tearing, as it only provides the tear under a certain cast condition.
Constrained rod casting testing
In principle, the constrained rod casting (CRC) set-up consists of rods with constrained shrinkage and thus induce tension. Such induced stress may results in the formation of hot tearing [48] . There are two types of constrained rod casting moulds using the rods either have different lengths or diameters.
Bars with different length
Permanent star-shaped mould (PSM) uses rods with different lengths. P. Gunde et al. [49] investigated the hot tearing behaviour of Mg-Zn-Y alloys with a PSM. The schematic PSM mould [9] and a typical casting [49] are shown in Fig. 6 . Severity of hot tearing is expressed as HTSPSM. A number with a value between 0 and 1 was assigned by examining each rod according to the following scheme: 1 for completely broken rods; 0.5 for obviously cracked rods; 0.25 for rods with cracks detectable only with the magnifying glass; and 0 if no cracks were observed. The final HTSPSM is the average value of all the rods.
PSM produces reliable hot tears as it contains several bars which reduce the impact of random conditions on the HTS of an alloy. However, the evaluation of HTS only gives a brief estimation of severity of hot tearing.
To overcome the limitation of HTS evaluation method of PSM, Cao et al. [28] improved the method in another commonly used CRC mould ( Fig. 7 [28] ). The CRC mould consists of parallel rod with different lengths. The crack width length instead of ranking the crack with a number is used in the new evaluation method. Besides, the location factor and the length factor are taken into consideration. The hot cracking susceptibility (HCS) is defined as:
In the above equation, crack width factor wcrack is the maximum crack width. The length factor and location factor is assigned with a number according to the tearing difficulties [28] , respectively. Fig. 8 shows the second type of the CRC mould which contains rods with different diameters. This mould was used to investigate the hot tearing behaviour of Mg-Al-Mn-Sr alloys [50] . The hot crack occurs most likely in the area between the upper and middle column, as such area bears the maximum contraction stress during solidification. Rods with small diameter are more prone to hot tearing than rods with large diameter. Thus, the hot crack grade (represents the hot tearing susceptibility (HTS)) for this mould is proposed as:
Bars with different diameter
where Φ is the maximal diameter of middle column where hot cracks occurred. Higher value of the hot crack grade indicates a high HTS of the alloy. It is easy to carry out hot tearing tests with all kinds of CRC moulds. The obtained HTS is reliable and comparable. However, the limitation of these set-ups is they only produce hot tears with different severity. They are unable to provide more information about hot tearing, such as when the tear forms, at what temperature the tear forms, etc.
Instrumented constrained rod casting testing
To overcome the limitation of the simple CRC mould, more sophisticated apparatuses have been developed. In general, the temperature, load, time, and displacement are simultaneously recorded during solidification process. These recorded data help to clarify the initiation and propagation of hot tearing.
Apparatus records the load
Cao et al. [51, 52] added a bar with temperature and load acquisition units to the original CRC mould (Fig. 7) , as shown in Fig. 9 . By analysing the recorded load-time-temperature curve, the characteristics of hot tearing including the initiation, the evolution and final size of the hot crack and so on can then be clarified.
Zhen et al. [53] Fig. 10 . Besides, the rod portion of the mould was designed with a taper. This unique design successfully eliminated the influence of friction between the mould and casting rod on hot tearing behaviour. As a result, the collected contraction force data are more reliable. A typical recorded forcetime-temperature curve of Mg-0.5Ca alloy cast at a mould temperature of 250°C is shown in Fig. 11 [26] . The force drop is considered as the initiation of hot tearing. Through the force drop, the temperature and the solid fraction of the tearing initiation are determined. Such solid fraction is essential for clarifying the hot tearing mechanism. Zhen et al.'s apparatus has been applied to hot tearing studies of several magnesium alloys, such as Mg-Al [54] , Mg-Zn [24] , Mg-Gd [55] , Mg-Y [25] , Mg-Ca [26] , etc. Crack volume is used as the index of HTS in their studies. The crack volume is more accurate than the crack size used in the previous research, since it takes the depth of crack as well as the complexity of the crack pattern into account [54] . Normally, the volume of cracks is measured by a wax penetration method. However, this wax method can only measure the volume of open cracks. More recently, X-ray tomography technique is introduced to measure the crack volume. The volume of both open and closed cracks is included [25, 55] .
Apparatus records the displacement/load
Another approach to improve the simple CRC mould is to measure the load/displacement of the rod during solidification. Metal Processing Institute at WPI and CANMET Materials Technology Laboratory developed an instrumented constrained rod mould [56, 57] , as shown in Fig. 12 . The recorded load is similar to the load measured in Cao et al.'s and Zhen et al.'s apparatus, which helps to determine the initiation of hot tearing. The displacement was measured in the unrestrained rod which represents the linear contraction when the rod was relaxed. Such displacement is found to correlate to HTS of the alloy. Extremely low displacement before the non-equilibrium eutectic temperature was detected in tear-free alloy. Much high displacement was measured in the alloy with major hot tear. The hot tearing index is defined as the crack area, which is determined with image processing software (Image J).
Valuable information about the formation of hot tearing is provided by the instrumented CRC mould set-ups. The simultaneously measured temperature, time, load, and displacement helps to understand the mechanism of hot tearing. Further improvement of these set-ups can focus on the in situ observation of the formation of hot tearing.
In situ observation of hot tearing
Recently, in situ observation of hot tearing formation has drawn extensive attention of related researchers [58, 59] . Video camera as well as synchrotron X-ray has been introduced to observe the in situ formation of hot tearing. 
Video camera
Video camera attached to the microscope was used to observe hot tearing formation of succinonitrile-acetone [58, 60] . Tearing mechanisms were clarified. However, due to the difference between organic and metal alloys, the developed hot tearing mechanisms are not fully applicable to metal alloys.
Davidson et al. [59] added a video camera to the original hot tearing set-up, which enables in situ observation of the formation of hot tearing in Al-Cu alloys. As illustrated in Fig. 13 , a mirror angled at 45°is positioned above the glass window. A video camera with a long focal length lens is used to record the images to digital tape at the standard 25 frames s -1 interlaced. Through the direct observation of the hot tearing initiation and propagation, it is concluded that the hot tearing formed with a solid fraction between 93% and 96%. In addition, it is also observed in many cases that the tearing occurs away from the cold edge.
Synchrotron X-ray
Another possible approach to observe in situ formation of hot tearing is using the X-ray microtomography. It is attempted to perform semi solid deformation under tension with the highly focused and intense X-ray beams imposed on the hot spot area. Three dimensional (3D) tomographic volumes of the hot spot area are then reconstructed and provide detailed information on the initiation and propagation of the tear. Besides, 3D liquid/solid configurations and the interactions of tears with the microstructure can be observed as well.
In situ observation on deformation of semi-solid Al-Cu alloys under tension was carried out with the apparatus shown in Fig. 14 [41, 61, 62] . The specimen was heated to a temperature slightly above the eutectic temperature to reach semi solid state with a high solid fraction (above 0.9). Then, the tensile test was carried out at a deformation rate of 0.1 µm · s −1 . During deformation, the specimen was continuously rotated through 180°in 16 s to acquire a series of 2-D radiographic projections at different angles. The projections were then processed to reconstruct a series of 3-D tomographic volumes with a pixel size of 2.8 µm.
It is found that during deformation the remaining liquid initially accumulates in a region such as at an intergranular surface nearly perpendicular to the tensile axis. The pores form in such region when the remaining liquid is drained. These pores are in fact interconnected and propagate as a void across the liquid surface. These observations clearly demonstrate that high-resolution X-ray tomography is valuable for the in situ study of hot tear formation in semi-solid alloys. Similar conclusions are obtained in in situ deformation study of commercial AA5182 (Al-4.63Mg-0.49Mn-0.17Fe-0.04Cu) alloy [63] .
Puncreobutr et al. [64] used fast in situ synchrotron X-ray tomographic microscopy to study the influence of Fe-rich intermetallics on tearing formation of commercial A319 alloy (Al-7.5Si-3.5Cu, wt.%). Results show that the large fraction of β-intermetallics strongly blocks the interdendritic channels and induces porosity formation, and hence, increase the HTS. The porosity formation is owing to permeability reduction and hydrogen super saturation in the local subdivided domain.
In situ observation of hot tearing with video camera is a simple method with limitation. This technique can only observe the phenomenon occurred at the upper surface. On the contrary, in situ observation of hot tearing with synchrotron X-ray can overcome the limitation. Synchrotron X-ray microtomography provides 3D tomographic volumes and the inside is visible. However, the in situ observation of semi-solid deformation by synchrotron is mainly restricted in Al alloy. Utilization of such in situ observation on semi-solid deformation of magnesium alloys has not yet been reported in literature. One of the technical challenges in tensile test of magnesium alloys at semisolid temperatures is the risk of fire since Mg alloys are prone to burning [65] . In situ observation of deformation of Mg alloys with X-ray tomography technique is an interesting topic in the future.
Factors influencing hot tearing
The hot tearing behaviour in metal castings has been experimentally investigated for many years with regard to the factors that influence the HTS [21, 51] . The factors are either alloy constitution or processing parameters related. Freezing range, amount of eutectic, the processing parameters include pouring temperature and initial mould temperature, grain size, and grain morphology play an important role on the hot tearing behaviour.
Alloy constitution
It is well established that super high purity metal is not prone to hot tearing [22] . Theoretically, a pure metal solidifies at a constant temperature and no tear would form. With a small amount of impurity (total Fe + Si = 0.03%), the high purity Al alloy exhibit a significant tearing [23] . It is concluded that the onset of hot cracking is at a very low solute content. The alloy with a small amount of solute solidifies within a temperature interval. At later stage in such solidification range (also called freezing range, FR), if the remaining liquid is difficult to flow through the interdendritic network, the pore or hot tears may occur under the accumulated stress/strain [20] . As a result, the binary or multi-component alloys which solidify in a temperature range might lead to the formation of hot tearing.
Binary alloys
As the majority of the binary Mg alloys displays eutectic, the following discussion focuses on the eutectic alloy system. The HTS of most binary alloys generally follows the "Λ" shape, as demonstrated in many Mg and Al alloys [11, [24] [25] [26] 28, 47, 51, 55, [66] [67] [68] [69] . Fig. 15 (a) shows that hot tearing severity of various alloys increases with increasing in solute content and then decreases with further addition of solute. Alloying elements affected hot tearing in different ways. For instance, Mg-Zn alloys are more susceptible to hot tearing than Mg-Al alloys due to their wider freezing range. The shape and peak of the "Λ" curve is highly related to the phase diagram, as shown in Fig. 15 (b). Both freezing range and the amount of eutectic liquid are phase diagram dependent and play an important role on the HTS of the alloy.
The alloy with a larger freezing range is generally more prone to hot tearing. The reason for such correlation is that the alloy spends a longer time in the susceptible stage. The nonequilibrium freezing range (NEFR) and susceptible freezing range (SFR) of binary Mg-Ca alloys are presented in Fig. 16 . The SFR (T0.9-T0.99) is defined as the temperature range in which the alloy is most susceptible to hot tearing with a fs between 0.9 and 0.99. The phase diagram calculated from Pandat Software of Mg-(0-3) Ca alloys is also compared in Fig. 16 . Both NEFR and SFR follow the "Λ" shape and the peak appears at Mg-0.1Ca and Mg-0.2Ca, respectively. As validated by the experimental hot tearing tests of Mg-Ca alloys, the peak susceptibility to hot tearing appears at Mg-0.5Ca [26] . As a result, SFR is a more reasonable factor to the practical HTS of Mg alloys than the NEFR.
The practical peak of HTS is also influenced by the amount of eutectic liquid. The presence of eutectic liquid is beneficial for hot tearing resistance when the amount reaches a critical value. A small amount of eutectic liquid aggravates hot tearing tendency [70] . The remaining liquid at the later stage of solidification distributes as thin liquid film at the grain boundaries. Tensile stress caused by contraction is highly concentrated in these liquid film areas to the extent that it may be sufficient to cause hot tearing. In the case of the alloy with a large eutectic liquid fraction, the liquid film is thick. Hence, the strain is essentially uniform and it is insufficient to cause a tear. Besides, the large amount of eutectic liquid can flow back to the tear region and thus heal the previously formed tear. Eutectic healing is clearly observed in various alloy systems with a high concentration of solute [25, 26, 55, 71, 72] . After the occurrence of hot tearing, the regions near them have a negative pressure.
This negative pressure can suck back the liquid, and refill the tear [25] . The eutectic liquid fraction (fle) in Mg-Ca alloys lineally increases with increasing the Ca content, as presented in Fig. 16 (b) . The eutectic healing is mainly found in alloys with high content of Ca, such as Mg-1Ca and Mg-2Ca alloys [26] . Fig. 15. (a) Hot tearing susceptibility of various alloys follow the "Λ" shape, crack length is determined from ring mould test [69] , (b) Schematic illustration of the "Λ" shape of HTS and the correlation of HTS and phase diagram [69] . 
Multi-component alloys
The type and content of the alloying elements have complicated impact on the hot tearing behaviour of complex alloy systems due to their complicated solidification path. The hot tearing tendency of complex alloy systems does not follow the simple "Λ" shape. Researchers attempt to investigate the influence of Si:Mg ratio on the hot tearing behaviour of ternary Al-Si-Mg alloys [73] . The results indicate that the Si:Mg ratio is not critical to hot tearing. The dominant factors to hot tearing are FR and amount of eutectic. The low hot tear susceptibility of Al-Si-Mg alloys is either due to the shorter FR or the larger amount of final ternary eutectic. Similar results are also found in ternary Mg-Zn-Y [74] and Mg-Al-Ca [51] alloys that the high HTS is strongly related to the high FR and small amount of eutectic. It is expected that the HTS of multi-component alloy strongly depends on its FR and amount of eutectic.
Cast conditions
Pouring temperature
Contradictory results are reported on the effect of pouring temperature on the HTS of the metal alloys. Clyne and Davies's study show that high superheat (high pouring temperature) results in a high HTS [23] . Eskin et al. reported that an increase in pouring temperature decreases the vulnerability of the alloy to hot tearing [75] . Bichler et al. [76] presented that different pouring temperature does not have a significant effect on HTS in AZ91D alloy. Recently, Huang et al. [77] studied the effect of pouring temperature and mould temperature on HTS of AZ91D and Mg-3Nd-0.2Zn-Zr (NZ30). The results are presented in Fig. 17 . It is found that the pouring temperature can affect the HTS only when the mould temperature is low. In addition, HTS decreases with increase in pouring temperature first, and then increases with further increasing pouring temperature. The effect of pouring temperature on HTS is not as significant as that of mould temperature.
Pouring temperature affects the HTS in two contrary ways [56] . On the one hand, high pouring temperature might spread the hot spot, which leads to reduced HTS. On the other hand, high superheat might increase the presence time of liquid film, which results in increased HTS.
Mould temperature
Investigations on several binary and ternary Mg alloys reveal that high mould temperature improves the hot tearing resistance [36, 37, 54, 55, 78, 79] . The results of Mg-2Ca-xZn alloys clearly show that the HTS decreases dramatically with the mould temperature increase from 250°C to 450°C (Fig. 18) .
Generally, high mould temperature improves the hot tearing resistance due to a reduction in thermal gradient and better compensation of strain [77] . During solidification, thermal gradients within the melt may result in regions of localized strain. Hot tearing occurs only if such accumulated thermal strain exceeds a critical value of strain in the casting [9, 70] . Normally, a high initial mould temperature leads to a small thermal gradient and thus low localized strain. Solidification of a casting at a high initial mould temperature takes longer time, which provides adequate time to compensate for the accumulated strain [37] . However, the time for compensation may not be sufficient for a faster solidification process (low initial mould temperature). In addition, the solute segregation due to the fast cooling is likely to result in high HTS, as strain may concentrate on the solute segregated region.
Inclusions
The presence of MgO inclusions strongly destroys the continuity of the magnesium matrix and thus deteriorate the mechanical properties of alloys [80] . Oxide inclusions impede interdendritic feeding and reduce the wettability of the interdendritic fluid thereby having an adverse effect on hot tearing tendency [4] . Huang et al. [81, 82] investigated the influence of inclusions on the HTS of Mg-10Gd-3Y-0.5Zr alloy. Different kinds of refiners were added to the melt attempts to reduce the fraction of inclusions. It is found that the alloys with lower amount of inclusions (with addition of certain refiner) exhibit lower HTS and better fluidity. As a result, reduction of the amount of inclusions might be a solution to achieve better hot tearing resistance.
Grain size and grain morphology
Both grain size and grain morphology have a great impact on hot tearing behaviour [83] [84] [85] [86] [87] . Most of results show that Fig. 17 . Influence of pouring temperature and mould temperature on the hot tearing susceptibility of (a) AZ91D and (b) NZ30 [77] . grain refinement improves hot tearing resistance, as shown in Wang et al.'s work [36] (Fig. 19 ). As validated by experiments, the addition of grain refiner decreases the total contraction during solidification [88] . In addition, grain refinement delays the onset of strength development and prolongs mass feeding [84] . The duration of bulk liquid feeding is enhanced for the refined casting conditions and thus, hot tearing severity is reduced [14] . Moreover, this refined grain size is better for the accommodation of deformation caused by the solidification shrinkage. Furthermore, the local strain at the grain boundaries is smaller in the refined alloy than that in the non-refined alloy. Hence the hot tearing tendency is reduced due to the low local strain.
However, it is also predicted with RDG model that the refined grain size would decrease the permeability of the mush, which then increases the HTS [83] . Easton et al.'s modelling suggests that grain refinement reduces the HTS until the grain morphology becomes globular [84] . Further grain refinement causes HTS to increase again. Evidence of increased HTS in grain refined alloy is not experimentally observed. It is commonly acknowledged that columnar and twinned columnar crystals are detrimental to hot tearing, due to the structure promoting easy initiation and propagation of hot cracking [25, 55, 83 ].
Hot tearing susceptibility of magnesium alloys
Binary alloys
Hot tearing behaviour of Mg-Al [7, 28, 54, 66, 71, 89] , Mg-Zn [24, 71, 90] , Mg-Ca [26] , and Mg-RE [25, 37, 55, [91] [92] [93] binary alloys was investigated, as summarized in Table 1 . All alloying systems show the maximum cracking tendency at a certain alloy composition. This tendency is known to follow a lambda (Λ) curve.
Mg-Al
Cao et al. [28] investigated the HTS of binary Mg-Al alloys (from 0.25 to 8.0 wt.% Al) using a CRC mould (Fig. 7) . The mould temperature was kept constant at 335°C for all the castings. The HTS of Mg-Al alloys follows the "Λ" shape and the maximum HTS appears at Mg-1 wt.% Al.
Hot tearing tests of binary Mg-Al (1, 3, 6, and 9, wt.%) alloys were also carried out with an instrumented CRC mould ( Fig. 10) [66] . The HTS is defined as the crack volume measured from the wax penetration method. It is found that HTS decreases with increasing in Al content. The maximum susceptibility to hot tearing occurs at Mg-1Al alloy, which coincides with Cao et al.'s [28] findings. The effect of different mould temperatures (250°C, 350°C, 420°C, and 500°C) on the HTS was also studied in their work. The results show that the HTS decreases as mould temperature increases.
Mg-Zn
Investigation on hot tearing behaviour of Mg-Zn alloys has been carried out with an instrumented CRC mould [24, 78] . Zn contents ranging from 0.5-12 wt.% were studied in detail with the mould temperature of 200°C, 300°C, 450°C, and 550°C, respectively. The HTS, denoted by crack volume measured with wax penetration method, decreases with increasing mould temperature. It is also found that the predicted cracking susceptibility coefficient (CSC) with Clyne and Davies's model agrees well with experimental results, as previously shown in Fig. 1 . Both curves follow the "Λ" shape and the peak of HTS appears at Mg-1.5 wt.% Zn.
Mg-Ca
The same instrumented CRC mould was used to study the hot tearing behaviour of five Mg-Ca (x = 0.1, 0.2, 0.5, 1, and 2, wt.%) alloys. The crack volumes obtained from X-ray tomography technique are shown in Fig. 20 [26] . Mg-0.5Ca and Mg-1Ca were completely broken at a mould temperature of 250°C, showing the highest HTS among all. As the mould temperature increases to 450°C, the HTS decreases dramatically.
Mg-RE
Mg-RE alloys are of significant interest for their excellent properties, particularly for high temperature creep resistant and high strength applications. The hot tearing behaviour of Mg-Y, Mg-Gd, Mg-La, Mg-Ce, and Mg-Nd was investigated.
Hot tearing susceptibility of Mg-Y (0.2-4, wt.%) alloys cast at two different mould temperatures was investigated [25, 37, 94] . The HTS is also defined as the crack volume, which is determined from two methods. The crack volume measured with wax penetration method is larger than that with X-ray micro-tomography method (Fig. 21) . Such difference results from the limitation of the wax penetration method, since it is difficult to remove the unwanted wax on the surface completely. However, crack volume measured with both methods shows the similar trend and Mg-0.9Y displays the highest HTS among all. It is explained that the high HTS of Mg-0.9Y is due to its large grain size, large solidification range, and small amount of eutectic. Besides, the increment in mould temperature from 250°C to 450°C significantly reduces the HTS of binary Mg-Y alloys. Srinivasan et al. [55, 91] studied the hot tearing characteristics of binary Mg-Gd (1-10, wt.%) alloys with an instrumented CRC mould. Similar to Mg-Y alloys, larger crack volume is obtained with the wax penetration method than X-ray tomography technique. It is found that the susceptibility to hot tearing increases with increase in Gd content, reaches a maximum at 2 wt.% Gd and then decreases with further increment of Gd content, as shown in Fig. 22 . The high susceptibility observed in Mg-2 wt.% Gd was attributed to cellular or columnar grain structure, which facilitates the tear propagation. The effect of mould temperature on HTS is similar to that of Mg-Y alloys.
The HTS and phase diagram of binary Mg-La, Mg-Ce, and Mg-Nd alloys are compared in Fig. 23 [93] . It is found that the HTS of the alloy series is related to their FR. Mg-Nd alloy system having the largest FR and highest HTS among all. A further observation is that Mg-Nd alloys have the highest eutectic composition, and hence have the lowest amount of eutectic for a particular alloy composition.
Ternary alloys
Testing results of HTS of ternary Mg-Al-Zn [47, 78] , Mg-Al-Ca [51] , Mg-Al-Sr [11, 52] , Mg-Zn-Y [49, 74, 95] , and Mg-Zn-Ca [79, 96, 97] alloys were reported and summarized in Table 2 . The ternary alloys show maximum HTS at a certain composition. However, the HTS sometimes does not follow the "Λ" shape.
Mg-Al-Zn
Wang et al. [47] used a ring mould casting to study the hot tearing behaviour of Mg-9Al-xZn (x range from 0.2 to 1.0 wt.%) alloys. The hot tearing severity is related to the critical diameter of round steel in the centre. It is reported that HTS increases as Zn content within the whole investigated range increases. The inter-crystalline segregation of Zn and Al is thought to be the main contribution to the high HTS of Mg-9Al-xZn alloys.
Hot tearing tests of ternary Mg-Al-Zn alloys were also performed with the instrumented CRC mould at a mould temperature of 200°C [27] . Mg-0.5Al-xZn (x = 0.5, 1.5, 2.5, and 4, wt.%) alloys, Mg-xAl-1.5Zn (x = 0.5, 3, and 6, wt.%) alloys, and Mg-xAl-4Zn (x = 0.5, 3, and 6, wt.%) alloys were investigated. The effects of Al and Zn content on the HTS of Mg-Al-Zn alloys are shown in Fig. 24 . The crack volume measured by wax penetration method is used as the index of HTS. It is revealed that, for Mg-xZn-0.5Al alloys, two peaks of HTS are obtained: one appears at about 1.0 to 1.5 wt.% Zn, the other occurs at about 3.0 wt.%. In both Mg-1.5Zn-xAl and Mg-4Zn-xAl ternary alloy systems, the HTS decreases with increasing Al content. 
Mg-Al-Ca
The hot tearing severity of Mg-Al-Ca alloys was compared with the commercial AZ91E alloy [51] , as displayed in Fig. 25 . The experiments were carried out with an instrumented CRC mould at a constant mould temperature of 335°C. The evaluation of HTS takes the width, length and the location of the crack into consideration. Among all the investigated alloys, Mg-4Al-2.5Ca, Mg-4Al-3.5Ca, Mg-5Al-2.5Ca, and Mg-6Al-2.5Ca have either similar or slightly lower susceptibility to hot tearing compared to that commercial alloy AZ91E. AZ91E is known to have a low HTS. The HTS of Mg-4Al-xCa alloys decreases sharply with increasing Ca content. The susceptibility to hot tearing does not change significantly as the Al content increases from 4 to 6 wt.% in Mg-xAl-2.5Ca (x = 4, 5, and 6) alloys.
Mg-Al-Sr
Investigation of HTS of Mg-Al-Sr alloys was carried out with the same mould used in Mg-Al-Ca alloys [11, 52] . The mould temperature was also kept at 335°C and the evaluation method was also the same as described for Mg-Al-Ca alloys. HTS of Mg-xAl-1.5Sr and Mg-xAl-3Sr alloys are also compared with that of AZ91E, as shown in Fig. 26 . The results indicate that the HTS of Mg-xAl-1.5Sr is higher than AZ91E and the HTS of Mg-xAl-3Sr is similar to that of AZ91E. HTS decreases with increasing Al content in both Mg-xAl-1.5Sr and Mg-xAl-3Sr alloys.
Mg-Zn-Y
The influences of Y addition on the hot tearing behaviour of Mg-1.5Zn and Mg-4.5 Zn alloys were investigated [36, 74] . Experiments were carried out using an instrumented CRC apparatus. The Mg-1.5Zn-xY (x = 0.2, 2, and 3, wt.%) alloys were only cast at 250°C. Two mould temperatures (250°C and 450°C) were applied to the hot tearing tests for Mg-4.5Zn-xY (x = 0.4, 0.9, and 2, wt.%) alloys. The crack volume measured with wax penetration method is used as the index of HTS for both alloy systems, as compared in Fig. 27 . The HTS of Mg-1.5Zn-xY alloys decreases with increment in Y content. The large grain size and solidification range account for the maximum HTS occurred in Mg-1.5Zn-0.2Y alloy. Mg-4.5Zn-xY alloys exhibit high HTS, as both Mg-4.5Zn-0.4Y and Mg-4.5Zn-0.9Y alloys were completely broken at a mould temperature of 250°C.
Gunde et al. [49] studied the HTS of Mg-3Zn-0.4Y-0.5Zr and Mg-3Zn-0.8Y-0.5Zr alloys with the permanent star-shaped mould (Fig. 6) . As the addition of Zr is mainly for grain refinement, the alloy is classified as Mg-Zn-Y alloys. In their study, both alloys were cast at a mould temperature of 250°C. The Y content increases from 0.4 wt.% to 0.8 wt.% results in a significant reduction of HTS. The decreased susceptibility is attributed to the reduced terminal freezing range with the addition of Y. The terminal freezing range is defined as the temperature interval at the solid fraction of 0.9 and 0.98.
Hot tearing severity of Mg-2.5Zn-xY-0.5Zr (x = 0.5, 1, 2, 4 and 6, wt.%) alloys was evaluated with an instrumented CRC mould [95] . They found that the HTS of Mg-2.5Zn-1Y-0.5Zr alloy is the lowest among all and the HTS of Mg-2.5Zn-2Y-0.5Zr is the highest among all. A good correlation between HTS and solidification temperature is established.
Mg-Zn-Ca
Effects of Zn and Ca content on the HTS of ternary Mg-Zn-Ca alloys were studied [79, 96, 97] . Mg-xZn-0.5Ca, Mg-xZn-2Ca (x = 0.5, 1.5, 4, and 6, wt.%) and Mg-4Zn-xCa (x = 0.2, 0.5, 1, and 2, wt.%) alloys were cast in an instrumented CRC mould. The hot tearing severity is acquired from the crack volume measured with X-ray tomography technique, as compared in Fig. 28 . The results indicate that Mg-Ca-Zn alloys have an extremely high HTS, as most alloys were com-pletely broken. The element Ca plays more significant role in tailoring the HTS of ternary Mg-Ca-Zn alloys than Zn. Higher amount of Ca content reduces the HTS.
Commercial alloys
Investigation on hot tearing behaviour of commercial Mg alloys was mainly performed on AZ91. For other alloys there are only few data available, which is also reviewed. The HTS of commercial alloys is not always shown with a certain value but is rather represented comparatively, showing the effect of various cast conditions on a certain alloy. The effect of some elements on the HTS of commercial alloys is also reported. Hot tearing behaviour of AZ91 was extensively studied using different apparatuses with attempts to clarify its hot tearing mechanism. Wang et al. [98] performed hot tearing test on AZ91 with a ring mould. It is revealed that the hot tearing initiation temperature of AZ91 is the practical temperature at the end of solidification (eutectic temperature). M. Pokorny et al. [89] carried out hot tearing cast of AZ91D in a permanent steel mould to validate their proposed hot tearing model. The prediction with their viscoplastic deformation model agrees well with the hot tearing test of AZ91D. Other researchers attempt to study the effect of pouring temperature and mould temperature on HTS of AZ91 [76, 77] . The results suggest that increasing the mould temperature significantly reduces HTS of AZ91. The effect of pouring temperature on HTS is less pronounced than that of varying the mould temperature.
Effect of trace elements on hot tearing behaviour of commercial alloys was also studied [50, [99] [100] [101] [102] , as summarized in Table 3 . Li et al. [101] studied the influence of Ca addition (0-1 wt.%) on the hot tearing behaviour of AZ91D. It is found that the HTS of AZ91D increases with increase in Ca content. The effects of Ca and Sr composite addition into AZ91D alloy on the hot cracking resistance were investigated by Tang et al. [99] . The addition of Ca decreases the hot cracking resistance of AZ91D alloys. Adding Sr to Ca-containing AZ91D alloy effectively improved its hot tearing resistance. Zn and Ca were also added to AZ91 by Hort et al. [102] . The addition of both Zn and Ca results in incomplete filling at low mould temperatures below 350°C. The addition of Ca induced hot tears. The base alloy AZ91 and alloys with addition of Zn show no visible crack. The effect of Ca content on the HTS of AZ91 is not given in detail in their study.
Effect of RE on hot cracking behaviour of AZ31, AZ91, and AM60 was also studied [100] . Results show that the addition of RE increases the HTS of these commercial alloys. Among these three commercial alloys, AZ91 shows the lowest susceptibility to hot tearing. Li et al. [50] investigated the influence of Sr on HTS of AM60B. Only a small amount of Sr addition (0.005 wt.%) is capable of improving the hot tearing resistance of AM60B. The hot tearing behaviour of sand cast WE54 alloys with and without Zr addition was studied [87] . It is stated that the addition of Zr to WE 54 alloy delays the onset of hot tearing and finally decreases the HTS.
The HTS of several alloys were compared in Table 4 [103] . Among them, the highest HTS is observed in the AE42 alloy and the lowest is found in AJ62x and AJ62Lx alloys. HTS of several AXJ alloys was evaluated in thin wall die casting and compared with that of AM50 [104] . In general, the HTS increases with the addition of Ca and Sr to AM50. The addition of Ca increased the frequency and severity of hot cracking but raising the Ca level to 1.7% (AXJ520) improved the casting rating, although not to the level of AM50. With even higher Ca additions, the hot cracking deteriorated again.
Conclusion
In this review, hot tearing criteria, experimental apparatuses and the hot tearing susceptibility of magnesium alloys are summarized. The basic physics of hot tearing phenomenon has been established and understood. However, each existing criterion still has its own limitations to predict and/or simulate the initiation and propagation of hot tearing. Thus, a reliable hot tearing criterion that is capable of accurately predicting the hot tearing behaviour under various conditions of all alloy systems is still required, and the numerical simulation should also focus on a more precise hot tearing model. Various apparatuses have been designed and developed to study the hot tearing behaviour of Mg alloys. However, a standard hot tearing test system and a standard evaluation method of hot tearing severity need to be established and developed. In order to acquire comparable hot tearing susceptibility of alloys, a consistent approach should be agreed upon. Besides, technique/apparatus that can in situ observe on the formation and propagation of hot tearing in Mg alloys is to be developed. Hot tearing studies on several Mg alloys indicate that their hot tearing susceptibility relies on its composition, casting parameters and microstructures.
